A three-dimensional numerical model is developed to simulate the human nasal cilia motion in the periciliary liquid (PCL) layer. The governing equations are solved using the immersed boundary method combined with the projection method. The cilia beating pattern is imposed as an input for the calculation. The ciliary forces are computed by the direct forcing method. The present preliminary results are consistent with other reported results for the average velocity of the PCL and its linear dependency on the cilia beat frequency.
Introduction
When breathing, the airways of the human respiratory system transport air into the lungs. The interior parts of the walls of the upper airway and lungs are covered by a fluid layer called airway surface liquid [1] to protect the walls against polluted particles coming with inhaling air. This surface liquid layer consists of two sub layers: the innermost watery periciliary liquid (PCL) layer and the outermost non-Newtonian mucus layer. The polluted particles are entrapped in the mucus layer. An Array of cilia is immersed in the PCL layer and each cilium beats periodically in effective and recovery strokes. The beating of each cilium with a phase difference between successive cilia produces a metachronal wave and hence the mucus layer is moved together with entrapped particles. The work done during the effective stroke is several times greater than the work done during the recovery stroke [2] . As reported in [3] , fluid dynamics models of cilia motion are categorized into two types, namely volume force models with cilia represented by distributed forces [4] and discrete cilia models with cilia represented as discrete bodies [5] . Furthermore, discrete cilia models are divided into two types, namely the prescribed beating models in which the cilia motion is imposed as an input to the simulation and the couple-internal mechanics/fluidstructure interaction models in which the cilia motions are due to the coupling between the internal structure of cilia and external viscous forces. The fluid mechanics models of cilia can be categorized in another manner according to the properties of mucus fluid. Some models consider Newtonian fluids for the mucus layer while others consider more realistic non-Newtonian fluids. Also, there are reported two-dimensional (2D) models [4] and threedimensional (3D) models [1, 6, 12] . In [1] , a 3D model which provided 2D results has been developed. The results showed that the penetration of the cilia into the mucus layer was not necessary for the positive transport of the mucus layer. In [6] , a realistic 3D model which included the internal elastic behavior of the cilium axoneme has been used to study a two-layer model. The reported results revealed that the synchronization between the cilia happened after completing numbers of initial beating cycles. In [12] , a fully 3D model has been explained and the results showed that a significant amount of PCL was driven by the mucus velocity. To the best of authors' knowledge, 2D cilia models are very common while 3D cilia models are still being developed. A more rigorous review on modeling mucociliary motion is reported in [3] . In the present work, a prescribed beating model is developed to simulate cilia beating in the PCL layer using three-dimensional (3D) immersed boundary method (IBM). The present model is considered as a first step towards a more complex couple internal mechanics model with non-Newtonian mucus layer. The structure of the paper is organized as follows: Section 2 provides the model formulation, Section 3 presents some numerical results and relevant discussions, and Section 4 gives a conclusion for the present work. 
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is the distributed cilia velocity at the grid point (i, j, k) and f is a filter function used to distribute the cilia velocity to nearby Cartesian grid points given as [9] , ; 2
Once the singular force F r is known, the equations of motion Eqs. (1) and (2) are solved using the projection method combined with the IBM as reported in [10] . The equations are discretized in a marker-and-cell (MAC) scheme. The periodic boundary conditions are used in the x and y directions. The no-slip and slip boundary conditions are imposed on the bottom and top walls (in the z direction), respectively.
Results and discussions
The dimensions of the computational domain are chosen in the x, y, and z directions as [-24, 24] 
STANDARD problem
The 3D beating velocity U r for each cilium is computed using the cilium patterns reported in Gheber and Priel [8] , and then U r is imposed on each cilium as an input. For the present model, 24 cilia in two identical arrays are considered. The gap between two nearby cilia in the same array is equal to the gap between the two arrays, which is 3 µm (or half of cilium length). The viscosity of the PCL and the cilia beating frequency are 0.01 P and 10 Hz ( [4] ), respectively. 
. The gradient of the line joining the maximums or the minimums gives the average flow rate of the PCL layer. The average velocity of the PCL layer is equal to Q/(cross section), which is 2.319x10 -5 cm/s. According to the reported 2D flow rate results in Smith et al. [4] , the average PCL velocity can be computed as 3.148x10 -5 cm/s.
Effect of cilia beat frequency
The cilia beat frequency (CBF) is a very important parameter regulating mucus velocity and the clearance. The CBF is investigated by changing the frequency as 5, 10, 15, 20, and 25 Hz. All other parameters are kept at those values used for the above standard problem. It is found that the average PCL velocity is dependent linearly on CBF. This is expected since the inertia forces are negligible for this problem and hence the momentum equation (Eq. 1) is approximately linear. Also, it has been shown experimentally that ciliary forces depend linearly on CBF ( [11] ).
Conclusion
In the present work, two rows of cilia (each row has 12 cilia) immersed in the PCL are simulated and the effect of frequency on the average PCL velocity is investigated. The present results are found to be in reasonable agreement with previously reported results for the PCL velocity. The present model is a basic one and only some preliminary results are reported here. Currently, a more realistic model consisting of a non-Newtonian mucus layer on the Newtonian PCL layer and curvaturedependent ciliary forces are being developed. 
